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Abstract: The photocatalytic oxidation of seven typical
indoor volatile organic compounds (VOCs) is experimentally
investigated using novel nanocrystalline TiO2 dip-coated
catalysts. Not only the role of hydrophilicity of the reactants
but also other physico-chemical properties and molecular
descriptors are studied and related to kinetic and equili-
brium constants. The main objective of this work consists
in establishing simple relationships that will be useful to
deepen the understanding of gas-phase heterogeneous
photocatalytic mechanisms and for the prediction of degra-
dation rates of these VOCs using an indoor air treatment
process.
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1 Introduction

Today, the risks associated with poor indoor air quality
(IAQ) at home and in the workplace are being increasingly

acknowledged [1]. Some studies have shown that in mod-
ern industrial countries, such as the United States and
Germany, people can spend 15–16 h a day at their home
and domestic environments, depending on how they
spend their work and leisure time [2]. Susceptible indivi-
duals are, therefore, at a far greater risk of adverse health
effects as a result of being subjected to chronic low levels
exposure to indoor air pollutants over time. Along with
particulate matter and microbial contaminants, volatile
organic compounds (VOCs) represent the main common
type of air pollutants encountered indoors. Therefore,
there is a growing interest in developing processes applic-
able to indoor air purification aimed at destroying these
compounds [3]. Among numerous possible treatments,
gas-phase photocatalytic oxidation (PCO) using TiO2 as
photocatalyst appears to be a very promising, convenient
and innovative technology for the improvement of IAQ [4].
Numerous parameters influence the efficiency of the pro-
cess: humidity, pollutant chemical group, type of TiO2 etc.
Specific studies focusing on the photochemical degrada-
tion of VOCs noted a strong but contrasting influence of
water vapor depending on the considered pollutant [5].
The influence of TiO2 coating type (powder and sol–gel
film) over the role of water vapor on the PCO of a typical
indoor air pollutant has also been regarded [6]. A layer of
physisorbed water was thought to be formed at the cata-
lyst surface for TiO2 films when the relative humidity was
high enough attributed to their hydrophilic and even
superhydrophilic properties [7–12]. A subsequent work
was conducted dealing with the influence of aqueous
solubility of various VOCs on their photocatalytic degrada-
tion using such TiO2 film photocatalysts. Regarding the
obtained results, it was concluded that a higher aqueous
solubility seems to have a negative influence on the photo-
catalytic degradation using TiO2 films. However, this trend
has to be confirmed by performing further experiments
with other VOCs in a large range of hydrophilicities [13].
Furthermore, the roles of other parameters describing
some physical and chemical properties of the reactants
also have to be examined. As it is impossible to study
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every pollutant present in indoor air, most abundant mole-
cules must be considered for such work. The studied
molecules can then be grouped by family in order to
attempt to find preponderant photocatalytic mechanisms
by a family of molecules. To do so, a quantitative struc-
ture–activity relationship (QSAR) can be implemented.
QSAR studies concern a very large domain of applications
among which photocatalysis is included [14–19]. Most stu-
dies have been performed in aqueous phase using P25 TiO2

in suspension. Furthermore, except for the study carried
out by Yu et al. [14], the PCO rate has often been predicted
by the apparent first-order kinetic constant, the initial
reaction rate or the half-life time. However, the assumption
that the PCO reaction is a first-order reaction is not always
relevant [14].

Therefore, the aim of the current work is to assess
the role of hydrophilicity and other molecular descrip-
tors on adsorption and PCO of gaseous pollutants using
films of TiO2. Adsorption isotherms were carried out and
modeled for the calculations of adsorption constants.
Then, based on the methodology described by Fogler [20]
for heterogeneous catalytic reactions, the reaction
mechanism was approached and a kinetic rate law was
expressed. Kinetic and adsorption constants were
deduced from the experimental results and related to
physico-chemical parameters. The main objective of
this study is to establish simple relationships that will
be useful for understanding gas-phase heterogeneous
photocatalytic mechanisms and, later, for predicting
degradation rates of these VOCs using an indoor air
treatment.

2 Material and methods

2.1 TiO2 photocatalysts

Mesoporous TiO2-anatase films synthesized by sol–gel
route and dip-coated on borosilicate glass substrates are
used [21]. The main characteristics of the photocatalyst
are summarized in Table 1.

2.2 Tested VOCs

Seven VOCs were chosen as typical indoor air pollutants
among families of pollutants that are very frequently
detected in indoor atmospheres. The target families
were alcohols, alkanes, aldehydes and ketones. As the
objective of the study was to be able to make predictions
for groups of molecules, the chosen molecules were
separated into two groups. One group was constituted
of five molecules containing four atoms of carbon:
methyl ethyl ketone (MEK), butyraldehyde, 1-butanol,
n-butane and iso-butane. With this first group, the com-
mon parameter is the number of atoms of carbon but the
influence of the chemical function can be assessed. The
other group contains four alkanes: n-butane, iso-butane,
pentane and hexane. With this second group, only
alkanes are represented, enabling the influence of the
number of atoms of carbon to be established. The organ-
ics were purchased from Aldrich Chemicals and used
directly as received. The VOCs concentrations in the
gas phase were followed by gas chromatography and a
flame ionization detector.

2.3 Adsorption isotherms (gas–solid
interface)

Adsorption isotherms were carried out in 2L-batch reac-
tors in the dark. The temperature was controlled and
fixed at 30°C. The relative humidity was set at 30% for
this temperature. Five different concentrations ranging
from 2 to 100 mmol m−3 were implemented for each
VOC. Each isotherm was repeated twice to ensure the
reproducibility of the results. Once the equilibrium was
reached, the concentration Ce in the gas phase was mea-
sured. Then, the quantity of adsorbed pollutant was cal-
culated for each initial concentration C0 by the following
relation:

qe ¼ ðC0 � CeÞV
S

½1�

where V is the reactor volume (m3) and S is the catalyst
surface (m2).

Finally, adsorption isotherm curves, representing the
adsorbed quantity of pollutant by surface unit of material
at the equilibrium (qe, mmol m−2

catalyst) as a function of
the pollutant concentration in the gas phase at the equi-
librium (Ce, mmol m−3), were plotted and modelled in
order to calculate adsorption constants.

Table 1 Photocatalyst characteristics.

Coating
dimensions

BET
surface
area

Pore
volume

Pore
diameter

TiO2

crystalline
phase

26 mm � 76 mm
(19.8 cm²)

147 m² g−1 0.221 cm3

g−1
2–8 nm Anatase
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2.4 Photocatalytic reactor

The gas-phase photocatalytic oxidation of the VOCs was
studied at a fixed temperature of 30°C in a batch reactor
equipped with a medium pressure mercury lamp (Heraeus
TQ718Z4, 700W, λmax¼ 365nm, I¼ 3mWcm−2). The relative
humidity was fixed at 30% at 30°C � 1°C. More details on
the experimental procedure are given elsewhere [6, 22].

2.5 Rate law establishment

VOCs were tested at different initial concentrations ran-
ging from 10 to 50 mmol m−3. A rate law consistent with
experimental observation and based on a simplified
mechanism can be written for the photocatalytic degra-
dation of VOCs in the used batch reactor. The hypotheses
taken into account to write the mechanism are listed
below.
1) In the range of studied concentrations, it is assumed

that adsorption is a Langmuirian-type adsorption as
shown in the previous paper [23].

2) Oxygen is in excess in comparison to other reactants.
3) Adsorption of carbon dioxide onto the photocatalyst

is neglected [24].
4) Adsorption of water vapor on the photocatalytic

media is not taken into account. Competitive adsorp-
tion between water vapor and studied solutes as well
as possible dissolution of studied molecules in a film
of water at the catalyst surface does not appear
directly in the reaction rate.

5) Surface reaction is rate-controlling [20].
6) Reaction is carried out at steady state.
7) Only adsorbed species are involved in the chemical

transformation.
8) ForVOCs initial concentrations lower than50mmolm−3,

reaction intermediates are neglected.

Eqs. (2–4) below represent the proposed mechanism
for this reaction.

R þ S Ð R:S adsorption of VOC on the surface ½2�

R:S ! P:S surface reaction to form products ½3�

P:S Ð Pþ S desorption of products from the surface ½4�

Then each step is treated as an elementary reaction for
writing the rate laws. The rate expression rAD for the
adsorption of VOC as given in eq. [2] is

rAD ¼ kA CRCv � CR:S

KA

� �
½5�

where CR is the VOC concentration in the gas phase, Cv is
the number of moles of vacant sites per unit mass of
catalyst, CR.S is the surface concentration of sites occu-
pied by R, kA is the kinetic constant for the attachment
process and KA is the adsorption equilibrium constant.

The rate law for the surface reaction step which is
irreversible here is

rS ¼ kSCR:S ½6�

where kS is the surface reaction rate constant.
The rate for products desorption is

rD ¼ kD CP:S � KDCPCvð Þ ½7�

where kD is the desorption rate constant, CP.S is the surface
concentration of sites occupied by P, CP is the concentra-
tion of P in the gaseous phase and KD is the adsorption
equilibrium constant of P.

As surface reaction is rate-limiting, the global reac-
tion rate law is equal to the surface reaction rate law
(rR ¼ rS ¼ kSCR:S). Since the concentrations of adsorbed
species cannot be readily measured, adsorption and des-
orption steps are used to express CR.S versus measurable
variables. Since the reaction is carried out at steady-state
conditions and surface reaction is rate-controlling, it
becomes

rAD
kA

¼ rD
kD

� 0

Consequently, a relationship for the surface concentration
of adsorbed VOC can be obtained:

CR:S ¼ KACRCv ½8�
At this stage, the only variable left to eliminate is Cv.
Since the total concentration of sites is

Ct ¼ Cv þ CR:S þ CP:S ¼ Cv 1þ KACR þ KDCPð Þ ½9�

and the formed intermediates and by-products (P) are
neglected in this study, the global reaction rate law is
written as

rR ¼ kgKACR

1þ KACR
½10�

where kg ¼ ksCt is the global reaction rate constant.
This relation is also valid at the initial time of the

reaction so that, knowing only the initial concentration
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and the initial reaction rate, the constants kg and KA can
be determined.

For each operating condition, a kinetic curve was
drawn and used to determine the initial reaction rate
(r0). Numerous approaches are possible to calculate the
initial degradation rate. In the present work, degradation
kinetics (C ¼ f(t)) were fitted by a third-order polynomial.
The initial reaction rate was thus equal to the derivative
of this polynomial at the initial time (r0 ¼ −(dC/dt)t ¼ 0).

2.6 Descriptors calculations
and significations

The chosen molecular descriptors are parameters that
encode quantitative information about molecular struc-
ture and include both data obtained experimentally, and
parameters derived from quantum chemical calcula-
tions. The Gaussian package [25] has been used for all
quantum chemical calculations. Geometry optimizations
of each compound in its fundamental state (E°) was first
performed at the B3LYP/6–31+G�� density functional
level. Then descriptors calculations were done with
these optimized geometries with the same method if
not otherwise stated. The aim was to obtain three cate-
gories of molecular descriptors. The first group may be
related to the van der Waals interactions and the physi-
cal adsorption phenomenon. The descriptors are the
molecular volume (MV), the dipole moment (µ), two
invariants of the electric static polarizability tensor, the
mean polarizability (α) and the polarizability anisotropy
(Δα) [26]. The second group may correspond to the elec-
tronic stability reflecting the reactivity of the molecule,
the descriptors are the highest occupied molecular orbi-
tal (HOMO) and lowest unoccupied molecular orbital
(LUMO) energies (respectively, EHOMO and ELUMO) and
hardness (η ¼ ELUMO � EHOMOð Þ=2) [27]. Hardness is a
measure of the resistance of a chemical species to
change its electronic configuration. The third group
may primarily represent the affinity of the molecules
with water vapor and hydrophilic surfaces, enabling
absorption or dissolution phenomena to be described;
they are the molecular electrostatic potential (Vs,min) and
the solvation free energy in water (ΔGsolv).

Some physico-chemical parameters were also consid-
ered and found in the literature: solubility S, partition
coefficient octanol–water Kow, Henry’s constant K°H and
VOCs-hydroxyl radical rate constant kOH. These para-
meters are used to establish a preliminary relation
between the kinetic and adsorption constants that were
obtained in the experimental part. The strategy is to put

the kinetic constant into relation with descriptors that are
susceptible to better described reactivity, and to put the
equilibrium constant into relation with descriptors sus-
ceptible to better describe the adsorption or absorption
phenomena that can occur during the photocatalytic
degradation of the target molecules. The second stage is
then to relate the physico-chemical parameters to calcu-
lated molecular descriptors and to finally establish a
link between experimental data and the molecular
descriptors.

The volume of a molecule (MV) is defined by the
volume occupied by the 0.001 au electron density envel-
ope [28]. This value is generally considered to provide a
reasonable definition of the “molecular shape” volume
(i.e. free from lost area due to the packing in the liquid).
The electric static polarizability tensor components are
calculated at MP2(full)/6–311++G(3df,2pd) level. Then α
and Δα are calculated according to �α ¼ 1

3 αxx þ αyy þ αzz
� �

ðΔαÞ2 ¼ 1
2 αxx � αyy
� �2 þ αxx � αzzð Þ2 þ αyy � αzz

� �2h

þ6 α2xy þ α2yz þ α2xz

� �i

where x, y and z are the principal axes of the molecule.
HOMO, LUMO and hardness energies are calculated

at the HF/6–31+G�� level because Hartree-Fock method
follows the Koopmans’ theorem [29]. Vs,min is the mini-
mum electrostatic potential on the 0.001 au electron
density envelope. Potential electrostatic minima on the
molecular surface symbolize the site of electron locali-
zation on the molecular surface, indicating the sites for
electrophilic attack or hydrogen bond formation. The
solvation free energy in water (ΔGsolv) is calculated
using the polarizable continuum model using the inte-
gral equation formalism variant (IEF-PCM) with the
UAKS radii parameter set as implemented in Gaussian
software.

Table 2, below, sets out the results of the calculations
for the chosen molecular descriptors as well as some
physico-chemical parameters found in the literature.

3 Results and discussion

3.1 Adsorption isotherms

The methodology described above was applied twice for
the seven VOCs studied. Figure 1 displays the results
corresponding to all experimental points for n-butane
and MEK. Regarding Figure 1, it can be observed that
the isotherm curves exhibit a two-step-like behavior
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with an inflexion point around a concentration in the gas
phase Cinf around 25 mmol m−3.

In a previous paper, a specificmodel, called “Langmuir-
multi”was built to fit adsorption experimental data present-
ing the same shape [23]. In this model, it is considered that
the first part of the curve corresponds to a Langmuirian-type
adsorption and that several mechanisms are involved in the

second part of the curve, such as the presence of hetero-
geneous sites, multilayer adsorption and other possible
occurring phenomena. According to these hypotheses, the
Langmuir equation is kept in the first part of the curve
(eq. [11]) and for higher Ce, the Langmuir–Freundlich equa-
tion is applied, taking the different possible mechanisms
into account overall (eq. [12]):

0

1

2

3

4

5

6

7

0 20 40 60 80 100 120 140

n-butane experimental points
n-butane Langmuir-Multi model
MEK experimental points
MEK Langmuir-Multi modelqe

 (m
m

ol
.m

–2
)

Ce (mmol.m–3)

Figure 1 Examples of adsorption isotherm curves and fitting of the “Langmuir-multi” model to the experimental results.

Table 2 Calculated molecular descriptors and other physico-chemical parameters.

Parameter n-Butane Iso-butane Pentane Hexane 1-Butanol MEK Butyraldehyde

E° (au) −158.47659 −158.47753 −197.79395 −237.11129 −233.69237 −232.49223 −232.48045
µ (Debye) 0 0.13 0.08 0 1.73 3.04 2.82
Molecular volume MV (cm3/mol) 68.3 68.5 82.8 97.7 75.1 69.9 69.4
EHOMO (au) −0.45670 −0.45709 −0.44821 −0.44022 −0.44129 −0.41132 −0.42089
ELUMO (au) 0.08709 0.08480 0.08753 0.08411 0.07225 0.07327 0.07859
Electrostatic potential Vs,min (kcal/mol) −2.33 −2.21 −2.43 −2.43 −36.28 −37.58 −35.41
Solvation free energy ΔGsolv (kcal/mol) 2.09 2.34 2.26 2.43 −5.00 −4.39 −3.53
Mean polarizability α (10−24 cm3) 7.77 7.77 9.59 11.43 8.43 7.88 7.91
Polarizability anisotropy Δα (10−24 cm3) 1.82 1.02 2.62 3.65 2.31 2.31 2.40
Hardness η (au) 0.27189 0.27094 0.26787 0.26216 0.25677 0.24229 0.24974
log Kow 2.89 2.76 3.45 3.9 0.88 0.29 0.88
Solubility at 25°C S (g L−1)� 0.0614 0.054 0.038 0.0095 74 211.4 66.3
kOH�� (cm3 molecule−1 s−1) 2.54.10−12 2.34.10−12 3.94.10−12 5.61.10−12 8.30.10−12 1.15.10−12 2.35.10−11

K°H��� (mol/kg bar) 0.0011 0.00086 0.00078 0.00155 191.6 25.7 13.95

Notes: au: atomic unit, �Yalkowski and He [30], ��Atkinson [31], ���Staudinger and Roberts [32] (hexane, 1-butanol, butyraldehyde, MEK);
Yaws and Yang [33] (n-butane, isobutane, pentane).
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The equation of this new model is given below:

For 0 � Ce � Cinf; qe ¼ qm1b1Ce

1þ b1Ce
½11�

For Ce 	 Cinf; qe ¼ qm1
b1Ce

1þ b1Ce
þ qm2

b2 Ce � Cinf
� �n

1þ b2 Ce � Cinf
� �n

½12�

where b1 and b2 are the adsorption constants (m3 mmol−1

and m3n mmol−n, respectively), and qm1 and qm2 are
the maximum adsorption capacities (mmol m−2). In the
present work, n was taken equal to 1. The “Langmuir-
multi” constants for the seven compounds are listed in
Table 3.

From the results displayed in Table 3, it can be
observed that the “Langmuir-multi” model fits the experi-
mental data correctly. The correlation coefficients are
satisfying, and comprised between 0.954 and 0.992.
However, the uncertainty on the calculated constants is
quite high, particularly for b1 and b2. The uncertainty on
b1 and b2 constants comes from the low number of experi-
mental points obtained for equilibrium concentrations
under 15 mmol m−3. Consequently, further work will
focus only on qm1 and qm2 constants. We also remark
that alkanes are not well-adsorbed on TiO2. Considering
only the first part of the isotherm curves and the value of
qm1, the adsorption of VOCs onto TiO2 can be classified as
follows: 1-butanol > MEK > butyraldehyde > iso-butane ¼
hexane ¼ pentane ¼ n-butane. Looking at the adsorption
behavior, the studied molecules can be divided into two
groups: alkanes that are not well-adsorbed and the three
other compounds belonging to the families of alcohols,
ketones and aldehydes. This is in accordance with results
found in the literature [34].

The following stage, presented below, is then able to
establish relations between qm1, qm2 and the chosen mole-
cular descriptors. Proceeding in this way, it will be pos-
sible to approach the influencing factors on qm1 and qm2

values considering physical adsorption but also the

possible adsorption competition with water as well as
chemical sorption and/or dissolution into water cluster.
Relations between adsorption capacities (qm1, qm2)
and molecular descriptors

In the first step, correlations between adsorption
parameters derived from the “Langmuir-multi” model
and the calculated molecular descriptors were sought.
For the whole set of tested VOCs, the better correlation
was obtained between the maximum adsorption capacity
on the first part of the isotherm curve qm1 and the LUMO
energy (Figure 2).

It was found that the qm1 parameter decreases expo-
nentially when ELUMO increases. The correlation coeffi-
cient reached 0.991. Contrary to what we expected, this
result might indicate that chemical sorption occurs
between the photocatalyst and the VOCs instead of phy-
sical adsorption governed by London forces. Chemical
sorption on TiO2 has already been proved on TiO2 films
deposited on silicon wafer (Si-TiO2) under air atmosphere
by Joung et al. [35]. As related by other authors [36] when
ELUMO or the gap between EHOMO and ELUMO is higher the
molecule is less reactive. Then molecules with a higher
ELUMO may be less easily chemically adsorbed on TiO2

surface.
By considering two groups in the tested VOCs, linear

relationships can be obtained between qm1 and the solva-
tion free energy (Figure 3). For the group containing
1-butanol, MEK and butyraldehyde, the correlation coef-
ficient is quite high (0.993) for the linear relationship
between qm1 and ΔGsolv. For the alkanes group, the corre-
lation coefficient is lower (0.867) certainly because (a) the
ΔGsolv values are very close for these compounds,
(b) pentane and isobutane have large uncertainties on
qm1 values.

In the presence of humidity, the surface of titania is
hydroxylated due to its extreme hydrophilicity. Almost all
the surface adsorption sites of TiO2 are occupied by water
molecules and hydroxyl groups are formed. By forming
the OH…p electron-type interaction, VOCs could also be
adsorbed on the same hydroxyl groups [37]. It is very

Table 3 “Langmuir-multi” constants for the seven tested molecules.

qm1 (mmol m−2) b1 (m
3 mmol−1) qm2 (mmol m−2) b2 (m3 mmol−1) r

n-Butane 0.11 � 0.04 0.06 � 0.03 1.9 � 0.4 0.015 � 0.006 0.992
Pentane 0.17 � 0.14 0.10 � 0.15 3.5 � 1.8 0.007 � 0.005 0.990
Hexane 0.17 � 0.04 0.18 � 0.09 1.2 � 1.0 0.016 � 0.024 0.954
Iso-butane 0.18 � 0.10 0.06 � 0.05 3.7 � 2.0 0.004 � 0.003 0.992
Butyraldehyde 0.41 � 0.07 0.61 � 0.55 14.4 � 5.8 0.019 � 0.017 0.938
MEK 1.85 � 0.45 0.04 � 0.02 14.6 � 7.5 0.010 � 0.009 0.977
1-Butanol 2.51 � 0.45 0.09 � 0.03 13.1 � 5.3 0.021 � 0.018 0.961
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difficult for hydrophobic organic compounds to be
adsorbed on the surface of TiO2 in the presence of water
[14]. Butyraldehyde and MEK are hydrogen bond accep-
tors (HBA), thanks to their sp2 hybridized oxygen atom.
Both compounds can be hydrogen bonded to hydrogen

atom of water or hydroxyl molecules which are already
adsorbed on TiO2 surface. MEK is a better HBA than
butyraldehyde as showed by its biggest Vs,min. It may be
the reason why MEK has a higher qm1 value than butyr-
aldhehyde. The case of 1-butanol is different as it is

0
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Figure 2 Relationship between qm1 and ELUMO.
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Figure 3 Relationships between qm1 and ΔGsolv.
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simultaneously a HBA and a hydrogen bond donor
(HBD): first, 1-butanol can be hydrogen bonded to hydro-
gen atom of water or hydroxyl molecules (as MEK and
butyraldehyde); secondly, 1-butanol can be directly
hydrogen bonded to the O atom of TiO2. It may be the
reason why 1-butanol has a higher qm1 value than MEK
and butyraldhehyde. Other molecules (n-butane, pen-
tane, isobutane, hexane) are neither HBA nor HBD and
can only be bound due to less important London inter-
actions to water and/or TiO2.

For the maximum adsorption capacity on the second
part of the isotherm curve qm2, better correlations were
obtained with molecular descriptors linked to the possible
dissolution of species into water clusters at the catalyst
surface. Table 4, below, displays the best obtained results.

It appears that the more the volatile compound is
soluble in water, the higher is the sorption capacity qm2,
as it can be seen by the positive linear relation between qm2

and log S and by the negative linear relation between qm2

and log Kow. In a similar manner, the molecular descriptors
ΔGsolv and Vs,min relate the affinity of the tested molecules
with a hydrophilic medium like water. As already assumed
in a previous paper, at a relative humidity of 50%, it can be
considered that the whole surface of TiO2 is covered with
water clusters [23]. Consequently, the sorption of VOCs is
mainly governed by absorption process.

3.2 Photocatalytic degradation

Photocatalytic degradations of the seven molecules were
obtained at four different initial concentrations ranging
from 9.75 to 36.4 mmol m−3. Each experiment was
repeated twice to ensure the reproducibility of the results.

From the kinetic curves, initial reaction rates r0 were
calculated using the methodology described previously
and plotted versus the initial concentration C0. The
results are drawn in Figures 4 and 5.

Table 4 Best relationships between qm2 and molecular descriptors.

Molecular descriptor Relationship Correlation coefficient

Partition coefficient octanol–water Kow qm2 ¼ 16:474� 4:1829 logKow R = 0.96970
Solvation free energy ΔGsolv qm2 ¼ 6:5581� 1:6988ΔGsolv R = 0.97359
Molecular electrostatic potential Vs,min qm2 ¼ 1:7966� 0:33526Vsmin R = 0.98695
Solubility S qm2 ¼ 7:4611þ 3:242 log S R = 0.98994
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Figure 4 r0 versus C0 for 1-butanol, 2-butanone, butyraldehyde and isobutane.

806 C. Raillard et al.: Photocatalytic Oxidation of Seven Typical Indoor VOCs

Authenticated | Cecile.Raillard@univ-nantes.fr author's copy
Download Date | 1/22/14 9:26 AM



As seen in Figures 4 and 5, initial degradation rates
(r0) increase at the beginning with the increase of VOCs
concentration and seem to reach a plateau, especially for
butyraldehyde and 1-butanol. A non-linear least squares
regression function was used to fit the experimental
results to the global reaction rate equation (10). The kg
and KA constants were determined for the whole set of
tested VOCs. These calculations are presented in Table 5.

Despite satisfactory correlation coefficients, the
errors on the constants are relatively high. As some
experimental points in the C0 range 0–10 mmol m−3 are
missing, the values of KA are approximated and a notable
error appears on their calculations. For most of the cal-
culated values, the error is larger than 50%. However, for

kg the relative error is less notable. On average, the
relative error on kg is approximately 18%, not taking
into account iso-butane for which the relative error on
kg reaches 43%. For further investigations, it was chosen
to work on kg values only. As for adsorption, the tested
molecules can be divided into two groups (alkanes and
the three other compounds). Regarding kg values, the
photoreactivity order for the seven VOCs is ranking in
the following order: butyraldehyde > 1-butanol >> hexane
¼ 2-butanone ¼ pentane > n-butane ¼ iso-butane. This is
consistent with previous work performed by Obee and
Hay [38] and Hodgson et al. [15].

The work hereafter consists of finding simple rela-
tionships between the global reaction rate constant kg
first with physico-chemical parameters and then with
the molecular descriptors presented in the previous part.

3.3 Relations with VOCs-hydroxyl radical
rate constant, Henry’s law constant and
molecular descriptors

Hydroxyl radicals (OH°) are generally considered as the
primary oxidizer attacking the organic compounds in
photocatalytic reactions [14]. Consequently, it can be
assumed that the reaction constant kg should be
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Figure 5 r0 versus C0 for hexane, pentane, n-butane and isobutane

Table 5 Global reaction rate constants kg and equilibrium
constants KA.

kg (mmol m−3 min−1) KA (m3 mmol−1) r

Iso-butane 0.029 � 0.013 0.041 � 0.038 0.852
n-Butane 0.030 � 0.004 0.149 � 0.075 0.976
Pentane 0.058 � 0.016 0.049 � 0.027 0.984
2-Butanone 0.063 � 0.006 0.117 � 0.031 0.928
Hexane 0.071 � 0.015 0.068 � 0.030 0.962
1-Butanol 0.309 � 0.041 0.300 � 0.238 0.919
Butyraldehyde 0.529 � 0.027 0.831 � 0.645 0.986
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proportional to the VOCs-hydroxyl radical rate constant
kOH. In this work, a positive linear relation between kg
and kOH with a determination coefficient of 0.903 was
found (Figure 6). A similar result has been obtained by
Yu et al. [14] but for aromatic hydrocarbons only. When
the studied molecules are divided into two groups, one
for the alkanes and one for the molecules with four atoms
of carbon, the determination coefficients r² are better
(0.9543 for alkanes and 0.9225 for C4 molecules). The
slope of the curves is lower for alkanes alone (0.0133).
For molecules with four atoms of carbon, the slope has
almost the same value than for the whole set of tested
VOCs. The result indicates that the reactivity of a mole-
cule has a great influence on the photocatalytic degrad-
ability of the molecule. However, as the determination
coefficient is not high enough, it appears clearly that the
kOH parameter is not sufficient by itself to accurately
determine the global reaction rate constant.

It has already been proved that water vapor plays
a great role in adsorption and then in photocatalytic
reaction. In the literature, few attempts of correlations
between photocatalytic kinetic constants and Henry’s
law constant have been established; the work of
Hodgson et al. [15] can be cited as an example.

Regressions between the global reaction rate con-
stant kg and the Henry’s law constant were then

performed in order to assess the possible influence of a
water layer at the catalyst surface on the kinetic constant.
Figure 7 below shows the obtained results.

A linear relation was found between kg and K°H
with a good r² coefficient (0.972) but in this case butyr-
aldehyde was not taken into account. However, again,
regarding Figure 7, it can be said that the only Henry’s
law constant is not sufficient to deduce the precise global
reaction rate.

From the above results, it can be observed that none
of the parameters taken into account alone is sufficient to
correctly describe the behavior of the global reaction rate
in function of the considered VOC. However, a combina-
tion of these parameters could permit to have access to a
good prediction of the global reaction rate. A multiple
linear regression (MLR) was performed between kg, kOH
and K°H. The obtained equation is

kg ¼ 0:0227:1012kOH þ 0:0012K

H � 0:0248 ½13�

The determination coefficient for this MLR reaches 0.988.
In previous publications, Hodgson et al. [15] and Zorn et al.
[39] found that photocatalytic reaction rate constants were
also dependent on Henry’s law constant (K°H) and the gas-
phase reaction rate constant with hydroxyl radicals (kOH).
However, the found relationships were not linear with the
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Figure 6 VOCs-OH° rate constant versus global reaction rate constant.
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kg, K°H and kOH parameters but with the logarithms of these
parameters. Figure 8 below displays the values of kg calcu-
lated using this equation versus the values of kg obtained
by the rate law equation (Table 5).

To determine the weight of each of the physico-
chemical parameters kOH and K°H, reduced and centered
variables were calculated and the MLRs were repeated,
resulting in the following equation:

Figure 8 Results of the MLR for kg as a function of kOH and K°H.
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kg
� ¼ 0:9179kOH

� þ 0:2930K

H
� þ 2:3232:10�18 ½14�

From the coefficients in this equation, it appears clearly
that kOH has a more predominant weight than K°H. This
means that the photocatalytic degradation is mainly gov-
erned by the reactivity of the molecule with hydroxyl
radicals. However, the weight of K°H is not low enough
to be neglected.

The first step of correlations was satisfactory, how-
ever, kOH and K°H are not always available in the litera-
ture and cannot be always easily determined. The next
step consists of finding relationships between the global
reaction rate and molecular descriptors of the molecules.
To do so, relations between kOH and K°H parameters and
molecular descriptors were searched.

From the correlation trials as a whole, it was possible
to establish a relationship between kOH and two molecular
descriptors: hardness and EHOMO (Figure 9).

For the whole set of tested molecules (except MEK),
an exponential relation between kOH and hardness was
also valid (kOH ¼ 0:75 exp �97:5 hardnessð Þ , r² ¼ 0.973).
Similarly, an exponential relation was found between
kOH and EHOMO (kOH ¼ 7:93 exp 63:08EHOMOð Þ , r² ¼ 0.970)
(Figure 10).

With the same objective, relationships were sought
between K°H and molecular descriptors. For the Henry’s
law constant K°H, exponential relationships were found
with the solvation free energy ΔGsolv and the molecular
electrostatic potential Vs,min. The equations are listed below:

K

H ¼ 0:004exp �0:3059Vs;min

� �
; r2 ¼ 0:0981 ½15�

K

H ¼ 0:0319exp �1:5845ΔGsolvð Þ; r2 ¼ 0:998 ½16�

3.4 Global relation between kg and
molecular descriptors

The global kinetic rate was described in a satisfactory
way by kOH and K°H in a MLR. The latter parameters
were also well described by four molecular descriptors,
the hardness and ELUMO for KOH and the solvation
free energy and the molecular electrostatic potential for
K°H. From the above results, it was possible to find a
global relationship between the kinetic constant kg and
the said molecular descriptors. For instance, the relation-
ship with ΔGsolv and hardness would be as follows:

kg ¼ 0:017:1012e �97:5 hardnessð Þ

þ 3:828:10�5e �1:584ΔGsolvð Þ � 0:0248
½17�

Also, the relationship including EHOMO and ΔGsolv

would be:

kg ¼ 1:8:1011e 63:08EHOMOð Þ þ 3:828:10�5e �1:584ΔGsolvð Þ � 0:0248

½18�

Figure 11 below displays the values of kg calculated using
eq. [17] versus the values of kg obtained by the rate law
equation (Table 5).
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Figure 9 Exponential relation between kOH and hardness for the set of molecules (without MEK).
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3.5 MEK

The calculated values of kg with eq. [17] are relatively
close to values obtained by the rate law with the excep-
tion of MEK. These results showed that it is possible
to correlate the obtained photocatalytic experimental
constants to molecular descriptors of the tested
molecules.

4 Conclusion
The photocatalytic oxidation of seven indoor VOCs was
experimentally investigated using a nanocrystalline TiO2-
dip-coated catalyst. Physico-chemical properties like the
solubility, the partition coefficient octanol–water, the
Henry’s constant and the VOC-hydroxyl radical rate con-
stant were put into relation with the kinetic and

Figure 11 Results of the correlation for kg as a function of hardness and solvation free energy.
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equilibrium constants obtained during the experimental
phase. VOCs molecular descriptors have been calculated
by molecular modeling. They are used to represent the
van der Waals forces or the adsorption phenomenon, the
affinity with hydrophilic surfaces or aqueous medium
and finally the electronic stability of the molecules and
their reactivity. Correlation between kinetic and equili-
brium constants and the molecular descriptors were
also assessed. The main objectives of this work were to
establish simple relationships that will be useful to dee-
pen the understanding of gas-phase heterogeneous
photocatalytic mechanisms and for further prediction of
degradation rates.

Two key results should be highlighted at this point.
First, looking at the adsorption phenomenon of the tested
molecules onto the mesoporous TiO2-anatase catalyst, it
was suggested that the molecules’ adsorption is primarily

governed by a chemical adsorption onto the surface rather
than a physical adsorption in relation to the van der Waals
forces. For high molecular concentration, it is clearly men-
tioned that a dissolution or absorption process occurs.

Second, looking at the main correlations found in
relation to the kinetic constant of reaction, it is shown
that the reaction rate can be governed not only by the
reactivity of the molecules with OH° radical, but also the
affinity of the molecule with hydrophilic surface. It can
be suggested that the K°H constant, by extending the
solvation free energy or the molecular electrostatic poten-
tial, may express the possible diffusion of the molecule
in a water layer at the catalyst surface influencing the
global kinetic rate.

This study has shown that QSAR can be a useful
approach for the understanding of heterogeneous
mechanisms.
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